The role of glial cell line-derived neurotrophic factor (GDNF) in nociceptive pathways is still controversial, as both pronociceptive and antinociceptive actions have been reported. To elucidate this role in the mouse, we performed combined structural and functional studies in vivo and in acute spinal cord slices where C-fiber activation was mimicked by capsaicin challenge.
Introduction
Glial cell line-derived neurotrophic factor (GDNF) promotes the survival of peripheral and central neurons. Not only is it essential for the maturation and maintenance of subsets of sensory neurons, but also for modulating their functional properties (Molliver et al., 1997; Bennett et al., 1998) . Specifically, GDNF supports the survival of dorsal root ganglion (DRG) neurons in vitro and in vivo (Matheson et al., 1997; Molliver et al., 1997; Bennett et al., 1998) , and their regeneration during adulthood (Ramer et al., 2000) . Interestingly, the cell membrane of DRG neurons supported by GDNF binds the isolectin B4 (IB4) produced by Griffonia simplicifolia (Molliver et al., 1997) , which labels a subpopulation of nociceptors devoid of neuropeptides (Bennett et al., 1998 (Bennett et al., , 2000 . Consistent with this observation, nonpeptidergic IB4ϩ nociceptors express the receptor complex that transduces the effects of GDNF: the GDNF-family receptor ␣1 (GFR␣1; Treanor et al., 1996) and the transmembrane tyrosine kinase receptor RET (Durbec et al., 1996) .
As for the most widely investigated growth factors of the neurotrophin family (Park and Poo, 2013) , evidence is accumulating that GDNF is actively secreted (Lonka-Nevalaita et al., 2010) , and can thus act as an extracellular messenger with biological effects over wide spatial and temporal scales. In keeping with this possibility, GDNF plays a role in the somatosensory system by modulating somatostatin (SST) expression (Adler, 1998) and release from DRGs (Charbel Issa et al., 2001; Malcangio, 2003) . Also, GDNF enhances the capsaicin-stimulated release of calcitonin gene-related peptide (CGRP) from cultured adult DRG neurons (Schmutzler et al., 2009) . GDNF is expressed in smallto medium-sized DRG neurons and in fibers of laminae I-II of the DH (herein referred to as superficial dorsal horn or SDH; Holstege et al., 1998; Ohta et al., 2001) , and has been suggested to undergo anterograde transport along primary afferent fibers (PAFs) projecting to periphery and spinal cord (Ohta et al., 2001; Rind and von Bartheld, 2002) .
Therefore, a role of GDNF as a modulator of the nociceptive information transfer between first-and second-order neurons in SDH emerged (for review, see Malcangio, 2003) , but still remained controversial (Sah et al., 2005 ; for review, see Bartolini et al., 2011) , as both pronociceptive and antinociceptive effects have been reported depending on the peripheral territory innervated (skin, muscle), type of pain (inflammatory vs neuropathic), and stimulus (mechanical, thermal, and noxious).
To shed more light on GDNF signaling in SDH, we used a combination of structural and functional techniques in intact postnatal and juvenile mice, as well as in acute spinal cord slices challenged with capsaicin to mimic inflammation in vitro (Vergnano et al., 2008) .
Our findings demonstrate not only that GDNF acutely reduces nociceptive transmission at synapses between firstand second-order neurons in SDH, but also unravels a novel yet unrecognized path of communication between peptidergic and nonpeptidergic PAFs, which is likely to have interesting implications in our comprehension of the transfer of nociceptive information between peripheral and central neurons.
Materials and Methods
Animals. All experiments were performed according to EU and national regulations on animal welfare and have been authorized by the Italian Ministry of Health (600.8/82.20/ AG1826). All procedures were performed following deep pentobarbital anesthesia (3 mg/100 g).
Sixty postnatal (P8 -P12) CD1 male mice were used for Ca 2ϩ imaging and patch-clamp experiments, and GDNF ELISA. Thirty-six postnatal and juvenile (P21-P23) CD1 male mice were used for immunocytochemical studies. These included 10 P8 -P12 and 14 P21-P23 mice for light microscopy (LM) and 12 mice for electron microscopy (EM) studies (four P21-P23 mice for Lowicryl embedding and four P8 -P12 mice and four P21-P23 mice for Araldite embedding).
The rationale behind the use of postnatal and juvenile animals is related to the well known pattern of postnatal maturation of spinal cord circuitry (Fitzgerald, 2005) . Although in P8 -P12 mice spinal cord networks still undergo maturation, we have previously shown that there are no differences in the electrophysiological response to capsaicin recorded in slices from postnatal or juvenile mice (Ferrini et al., 2010) . Therefore, taking into consideration the difficulties in bulk loading of the Ca 2ϩ indicator at P21-P23, we have decided to perform all functional experiments in postnatal animals as in previous Ca 2ϩ imaging experiments in rats . At the same time, for better data consistency, immunocytochemical studies were for the most performed at both ages.
Primary antibodies and controls. Primary antibodies were rabbit anti-GDNF (1:100 LM, 1:20 EM; Santa Cruz Biotechnology catalog sc-328 RRID:AB_2247684), rabbit anti-SST 28 (1: 2000 LM, 1:100 EM; Merighi et al., 1989) , chicken anti-human BDNF (1:500 LM, 1:20 EM; Promega catalog G1641 RRID:AB_430850; , rabbit anti-CGRP (1:1000 LM, 1:100 EM; Merighi et al., 1991) , rat anti-substance P (SP; 1:500 LM, 1:20 EM; BD Biosciences catalog 556312 RRID:AB_396357), goat anti-GFR␣1 (1:300; Neuromics catalog GT15004 RRID:AB_2307379), goat anti-RET (1:100; R&D Systems Figure 1 . Distribution of GDNF in DRG and DH and colocalization with markers of nPAFs and glia. A, GDNF and CGRP coexpression (white) in small-to medium-sized neurons. B, Small-to medium-sized neurons double stained for GDNF and SST 28 (white). C, GDNF (green) and SP (magenta) are distributed in two different populations of small-to medium-sized neurons. D, GDNF-IR neurons (green) do not express BDNF (magenta). E, GDNF (green) and IB4 (magenta) are distributed in two different populations of neurons. F, GDNF ϩ TRVP1-IR neurons (white) of small to medium size. G, GDNF and CGRP coexpression (white) in peptidergic nPAFs of SDH. H, GDNF and SST 28 coexpression (white) in peptidergic nPAFs of SDH. I, GDNF (green) and BDNF (magenta) are distributed in two different subpopulations of peptidergic nPAFs of SDH. J, GDNF (green) and SP (magenta) IRs are localized in two different populations of fibers in SDH. K, GDNF (green) and IB4 (magenta) are localized in two different populations of fibers in SDH. L, Triple immunolabeling demonstrates that GDNF (turquoise) is principally expressed in fibers of lamina II, in a band between the more dorsal band of SP-IR (magenta) and the more ventral band of IB4ϩ processes (green). The three markers are thus expressed by different populations of nPAFs. M, GDNF (green) is localized in nPAFs of lamina II while GFAP (magenta) is expressed in astrocytes throughout the spinal cord. Some GDNF-IR fibers are close to or in contact with GFAPϩ astrocytes (inserts 1 and 2). Scale bars: A-E, 50 m; F-L, 250 m; inserts, 15 m. catalog AF482 RRID:AB_2301030), rabbit anti-TRPV1 (1:1000; Alomone Labs catalog ACC-030 RRID:AB_2040256), mouse anti-GFAP (1:500; Boehringer), and rabbit anti-phosphorylated (Thr 202/Tyr 204) extracellular signal-regulated kinases 1/2 (p-ERK1/2; 1:100; Santa Cruz Biotechnology; Kirshenbaum et al., 2011; Ferrini et al., 2014 ). An IB4-biotin conjugate (Sigma) was also used (1:250 LM, 1:20 EM). Routine immunocytochemical controls consisted in omission of primary antibodies . Pre-absorption (3 h at room temperature) of the anti-GDNF antibody used in immunocytochemical procedures with different concentrations of the immunizing peptide (1-10 mg/ml) resulted in a dose-dependent decrease of immunolabeling that was completely abolished at 2.5 mg/ml.
Histology-LM. Anesthetized animals were perfused with Ringer's solution followed by 4% paraformaldehyde in 0.1 M phosphate buffer (PB).
The lumbar spinal cord segments L1-L6 and the corresponding DRGs were dissected out and immediately cut with a vibratome (70 m) or embedded in paraffin wax according to standard procedures .
Multiple immunofluorescence. Free-floating vibratome spinal cord sections and deparaffinized DRG sections were pre-incubated in 0.02 M PBS containing 5% normal goat serum (PBS-5% NGS) or PBS containing 6% bovine serum albumin (PBS-6% BSA) for 30 min, and then incubated overnight in appropriate mixtures of two to three primary antibodies. When it was necessary to use two primary antibodies raised in the same species, the paraformaldehyde vapor blocking method originally proposed by Wang and Larsson (1985) was used . Sections were then incubated for 1 h in a mixture of two to three appropriate fluorochromeconjugated secondary antispecies antibodies: IgG Alexa Fluor 488, 594, or 633 (1:500, Invitrogen). Sections were finally washed in PBS and mounted in Vectashield (Vector Laboratories).
Single-channel images were acquired using a Leica TCS SP5 confocal laser scanning microscope (Leica Microsystems) with appropriate filter settings and merged using Photoshop 7.0.1 (Adobe Systems).
Quantification of immunoreactive DRG neurons. A total of 18 lumbar DRGs from postnatal (n ϭ 3) and juvenile CD1 male mice (n ϭ 3) were serially sectioned in toto at 6 m, and one of five sections in the series was used for immunostaining. Individual sections were double immunostained for one of the following combinations of primary antibodies: GDNF ϩ CGRP, GDNF ϩ SST 28 , SST 28 ϩ CGRP. Sections were photographed as single-stack images (capture images) at 20ϫ with the confocal laser microscope, and pairs of digital images of the same microscopic field were obtained with appropriate filter combinations to visualize the fluorescence labels. Single-and/or doublelabeled DRG neurons were directly counted from dual-color fluorescence images obtained with the software Adobe Photoshop 7.0. Total numbers of cells are expressed as the mean/ animal of the cell counted from the three animals at each postnatal age (ϮSEM). Results are expressed as the mean percentages (ϮSEM) of double-labeled neurons versus the total number of single-labeled cells for each of the three combinations of primary antibodies. Quantification of GDNF ϩ TRPV1 was performed on ganglia from four additional juvenile mice.
Histology-EM. Anesthetized animals were perfused with Ringer's solution followed by 4% paraformaldehyde ϩ 0.1% glutaraldehyde ϩ 0.2% picric acid in 0.2 M sodium PB for postembedding EM immunocytochemistry (ICC) or 4% paraformaldehyde ϩ 0.01% glutaraldehyde for pre-embedding EM ICC. Following pre-embedding ICC with FluoroNanogold (see below), L1-L6 spinal cord vibratome sections were conventionally embedded in Araldite after osmium postfixation and uranyl acetate en bloc staining. After freeze substitution for optimal antigenicity preservation (Altman et al., 1984) , sections to be used in postembedding ICC of GDNF were instead embedded in Lowicryl HM20 resin (Chemische Werke Lowi) as follows: sections were slammed to a polished copper block cooled with liquid N 2 in an MM80E cryofixation apparatus (Reichert), then transferred to 0.5% uranyl acetate dissolved in anhydrous methanol (Ϫ90°C) in a freeze-substitution apparatus (CS Auto; Leica). The temperature was raised stepwise to Ϫ50°C. Samples were finally infiltrated with resin that was then polymerized by UV light (Cesa et al., 2003) .
EM postembedding immunostaining. Araldite and Lowicryl ultrathin sections were cut with an ultramicrotome (EM UC6; Leica), immunostained on grids following conventional postembedding protocols (Merighi and Polak, 1993) , and further counterstained with uranyl acetate and lead citrate before observation with a transmission EM (CM10; Philips). Mean numbers of cells counted per mouse (n ϭ 3) were as follows: 307 Ϯ 11 (CGRP ϩ GDNF; P), 305 Ϯ 10 (CGRP ϩ GDNF; J ); 303 Ϯ 7 (GDNF ϩ SST 28 ; P), 301 Ϯ 3 (GDNF ϩ SST 28 ; J ); 302 Ϯ 12 (SST 28 ϩ CGRP; P), 308 Ϯ 1 (SST 28 ϩ CGRP; J ). A, Percentages of CGRP-IR neurons expressing GDNF: 25.3 Ϯ 1.0 ( P) and 19.8 Ϯ 1.1 ( J). B, Percentages of GDNF-IR neurons expressing CGPR: 90.8 Ϯ 0.7% ( P) and 95.8 Ϯ 0.1% ( J). C, Percentages of CGRP-IR neurons expressing SST 28 were 23.6 Ϯ 0.2 ( P) and 25.0 Ϯ 0.8 ( J). D, Percentages of GDNF-IR neurons expressing SST 28 were 74.1 Ϯ 4.2% ( P) and 67.9 Ϯ 2.1 ( J). E, Percentages of SST 28 -IR neurons expressing CGRP were 77.5 Ϯ 1.9 ( P) and 92.9 Ϯ 0.4 ( J). F, Percentages of SST 28 -IR neurons expressing GDNF were 32.1 Ϯ 1.2 ( P) and 28.3 Ϯ 1.3 ( J). Only mean values are reported in figure (coexpression, black; single labeling, gray). G-H, Percentage of GDNF-IR and TRPV1-IR neurons in juvenile mice (75 Ϯ 21, n ϭ 4 mice). P, postnatal; J, juvenile.
EM pre-embedding immunostaining with FluoroNanogold. To preserve GFR␣1 antigenicity, some free-floating L1-L6 spinal cord vibratome sections were immunostained with FluoroNanogold (Nanoprobes; Salio et al., 2011) . Briefly, sections were incubated overnight in the anti-GFR␣1 primary antibody at 4°C, followed by 1 h incubation in anti-goat biotinylated IgG (Vector Laboratories), and, finally, an additional hour in Alexa Fluor 488-FluoroNanogold-Streptavidin (Nanoprobes). Sections were then processed with a Gold Enhancement Kit (Nanoprobes) to increase the size of the gold tag and embedded in Araldite for further cutting. Some of these ultrathin sections were also stained for IB4 following the postembedding immunostaining protocol described above.
Quantification of immunoreactivity neuronal profiles in SDH. Counts of immunoreactivity (IR) profiles to assess the distribution and relative levels of GDNF and IB4 in double-labeling experiments were directly performed on 90 randomly selected, ultrathin sections obtained from juvenile mice (n ϭ 3). A total of 819 grid squares was examined. To obtain an exact definition of the distribution of immunostaining in individual sublaminae within lamina II (Ribeiro-da-Silva, 2004; Ribeiroda-Silva and De Koninck, 2008) , immunolabeled terminals were classified on the basis of their ultrastructure and distance from the dorsal margin of the spinal cord. To do so, counts were performed within individual 90 ϫ 90 m squares of 200 mesh EM grids by choosing those fields where the pial surface was in contact with one of the grid bars and moving perpendicularly toward the depth of SDH. In this way it was possible to cover the entire dorsoventral extent of lamina II.
The percentages of GDNF ϩ CGRP ϩ SP, GDNF ϩ SST 28 ϩ SP, and SST 28 ϩ CGRP ϩ SP triple-immunolabeled terminals (n ϭ 150 for each combination of primary antibodies) in SDH were calculated on 25 randomly selected, ultrathin sections obtained from juvenile mice (n ϭ 4) for each of the three combinations of the three antigens. The percentages of GFR␣1-IR profiles were calculated on 24 randomly selected ultrathin sections. Profiles [n ϭ 50 each from postnatal (n ϭ 4) and juvenile mice (n ϭ 4)] were classified as axon terminals, perikarya, or dendrites according to previously described morphological criteria (Peters et al., 1991) .
Spinal cord slices preparation. The L1-L6 spinal cord was rapidly dissected out from anesthetized mice and 350-m-thick transverse slices were obtained with a vibrating microtome (VT1200; Leica Microsystems). For Ca 2ϩ -imaging experiments, the dissection was performed in ice-cold cutting solution containing the following (in mM): 222 sucrose, 2.6 KCl, 26 NaHCO 3 , 1 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , and 0.1 ascorbic acid. Slices were then allowed to recover at 35°C for 30 min in artificial CSF (aCSF) containing the following (in mM): 123 NaCl, 3 KCl, 26 NaHCO 3 , 1 NaH 2 PO 4 , 10 glucose, 1.5 MgSO 4 , and 2 CaCl 2 , saturated with 95% O 2 -5% CO 2 . For patch-clamp experiments, slices were cut and recovered in aCSF containing the following (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1 NaHPO 4 , 25 glucose, 1 MgCl 2 , and 2 CaCl 2 , saturated with 95% O 2 -5% CO 2 .
Single-cell Ca 2ϩ imaging. After recovering, slices were collected on the porous membrane of a Millicell-CM insert (Millipore), placed into a 35 mm Petri dish, and covered by a loading solution containing 2 l of Oregon Green 488 BAPTA-1AM (50 g of Oregon Green in 4 l DMSO; Invitrogen), 1 l pluronic acid (20% Pluronic F-127 in DMSO; Invitrogen), and 4 l Cremophor (0.5% Cremophor EL in DMSO; Sigma) in 1 ml oxygenated aCSF. An additional 1 ml of oxygenated aCSF was pipetted below the membrane in the Petri dish. Loading was performed in the dark, at 37°C for 45-50 min, during which 95% O 2 and 5% CO 2 were continuously supplied under moist conditions. Slices were then washed in fresh oxygenated aCSF and maintained at room temperature until imaging in a recording chamber mounted on the stage of a Leica TCS SP5 confocal microscope equipped with 40ϫ water-immersion objectives. During image acquisition, slices were continuously perfused with oxygenated aCSF (2 ml/min). Lamina II appeared translucent in the transmission mode and the gray matter above it was identified as lamina I. Oregon Green fluorescence was excited at 488 nm, and emission was acquired at 495-530 nm. Gain, offset, and pinhole were kept constant during acquisition. Images were sampled at 2 s frame intervals. At the end of each experiment, cell viability was assessed by 60 mM KCl challenge and only KCl-responsive neurons were subjected to analysis (Pasti et al., 1997) .
Relative fluorescence intensity (⌬F/F 0 ) was measured in individual neuronal perikarya as the variation of fluorescence intensity ⌬F versus the baseline fluorescence F 0 , where F 0 was defined as the mean fluorescence intensity observed for 1 min before pharmacological stimulation. Neurons with ⌬F/F 0 values Ն0.2 (Ն20% of fluorescence increase) were assigned as responsive. Raw data were smoothed by averaging three consecutive data points. The integral of the curve of the relative fluorescence intensity plotted against time (AUC ϭ area under the curve) was calculated for each cell within the period corresponding to the duration of the effect, the incurring time from the onset of the effect (⌬F/F 0 Ն 0.2) to the recovery of the fluorescence at the baseline level (F 0 ). Amplitude changes and duration of the response were measured in excel spreadsheets (Mi- Figure 3 . Ultrastructural localization of GDNF in spinal lamina II and colocalization with markers of peptidergic nPAFs after postembedding immunogold labeling. GDNF, BDNF, and peptides are selectively localized to DCVs, some of which are shown at higher magnifications in the inserts. Gold particle sizes are directly indicated on individual parts. For nomenclature of glomeruli and glomerular profiles, see Ribeiro-da-Silva (2004) . A, A peptidergic C terminal in a GIb is double stained for GDNF and CGRP and surrounded by unlabeled dendrites (d1-d3). B, A GDNF ϩ SST 28 -IR C terminal in GIb is surrounded by several unlabeled dendrites. The large d1 displays a symmetrical synapse (arrows), whereas the contact with d2 is an asymmetric synapse (arrowheads) with a well evident postsynaptic density. C, Two IR C terminals in GIbs are surrounded by several unlabeled dendrites (d1-d4). The terminal at left is double labeled for BDNF and SP (left insert), while the one on the right is only IR for GDNF (right insert). Scale bars: 250 nm; inserts, 50 nm. crosoft), and AUC was calculated with Origin Microcal software (OriginLab).
Patch-clamp recordings. Whole-cell recordings were performed as previously described from SDH neurons held at -70 mV . EPSCs were recorded with a pipette solution containing the following (in mM): 145 Cs methanesulfonate, 5 EGTA, 2 MgCl 2 , 10 HEPES, 2 ATP.Na, 0.2 GTP.Na, and 0.1% Lucifer yellow (LY; Sigma), pH 7.2. LY was added to trace the position of recorded neurons within the SDH. mEPSCs were isolated in the presence of tetrodotoxin (TTX; 1 M). Recordings were obtained with a Multiclamp700B amplifier (Molecular Devices), sampled at 10 kHz, and filtered at 2.4 kHz. They were included for subsequent analysis only if access resistance was stable throughout the patch-clamp session. Analysis was performed off-line with Mini Analysis software (Synaptosoft). Amplitude and frequency of mEPSCs in control traces and after capsaicin application were compared within 100 s time intervals, using the KolmogorovSmirnov test. Neurons were classified as responsive when the distribution of interevent interval and/or amplitude values following capsaicin administration were significantly different compared with control ( p Ͻ 0.01). Electrophysiological data were expressed as a percentage of the predrug control value Ϯ SEM, with n indicating the number of neurons.
Acute slice immunostaining after capsaicin stimulation. Slices were incubated in the following: (1) aCSF (control), (2) 2 M capsaicin for 5 min, (3) anti-GDNF neutralizing antibody (10 g/ml; R&D Systems; Battaglia et al., 2009) for 10 min, and (4) 2 M capsaicin (5 min) in the presence of the anti-GDNF neutralizing antibody. Slices were then maintained in oxygenated aCSF for 15 min (ERK1/2 phosphorylation assay) or 60 min (capsaicininduced release assay). Slices were then fixed and processed as described above for histological procedures and IF with appropriate combinations of primary and secondary antibodies (further details can be found in Ferrini et al., 2014) .
Confocal images were obtained with a 20ϫ objective. Immunostained slices were sequentially scanned along the z-axis in 2 m steps. For quantifying peptide and growth factor depletion after capsaicin stimulation, the optical section with the highest fluorescence intensity in each stack (as measured by the Leica SP5 software) was chosen and the mean fluorescent intensity of GDNF and SP signals within a polygonal region of interest delimiting the SDH was measured. For quantifying p-ERK1/2-IR, the five highest signal-intensity consecutive optical sections from a stack were combined, and the percentage surface of the SDH occupied by p-ERK1/2 staining was measured using ImageJ software (http://rsbweb.nih.gov/ij/docs/ faqs.html#cite).
ELISA. The L1-L6 spinal cord segments from four postnatal P8 -P12 mice were dissected out as above and 700-m-thick transverse slices were obtained with a tissue chopper (Brinkmann Instruments). After 30 min recovery, slices were either left in aCSF or treated with capsaicin (2 M to 5 min). Slices were then removed from medium, snap frozen in liquid nitrogen, and mechanically homogenized in 100 l of lysis buffer containing (in mM): 150 KCl, 20 HEPES, 5 MgCl 2 , and 0.5 DTT). After centrifugation (10,000 ϫ g for 20 min), supernatant was collected and total protein content measured by the Bradford assay. ELISA was performed in duplicate using a GDNF immunoassay kit and following manufacturer's instructions (Abnova; KA3041).
Drugs. Drugs included the following: GDNF (100 ng/ml; PeproTech), capsaicin (2 M; Sigma), phosphatidylinositol-specific phospholipase C (PI-PLC; 1 U/ml; Sigma), AP5 (50 M; Tocris Bioscience), and TTX (1 M; Tocris Bioscience). All drugs were bath applied after being dissolved in aCSF at the concentrations indicated above.
Statistics. Quantitative variables are expressed as mean Ϯ SEM. Student's t test or Wilcoxon tests were used to compare, respectively, normal and non-normal distributed raw data. Kruskal-Wallis or Mann-Whitney tests were used to compare normalized and percentage data. Differences were considered significant for p Ͻ 0.05.
Results

Expression of GDNF in DRG and spinal cord
We found that a subset of small-to medium-sized DRG neurons was GDNF-IR. These neurons were a subpopulation of CGRP-IR neurons (Fig. 1A) that also expressed SST 28 (Fig. 1B) . Conversely, GDNF-IR neurons were found not to express SP ( Fig. 1C) and BDNF (Fig. 1D) or to be stained by IB4 (Fig. 1E) . A fraction of the GDNF-IR neurons also expressed the capsaicin receptor TRPV1 (Fig. 1F ) . Quantitative data are reported in chart form in Figure 2 .
There were no GDNF-IR neuronal cell bodies in DH. GDNF-IR fibers belonged to a subpopulation of peptidergic nociceptive PAFs (nPAFs) containing CGRP (Fig. 1G ) and SST 28 (Fig. 1H ) , whereas the BDNF-IR (Fig. 1I ) and SP-IR (Fig. 1J ) peptidergic nPAFs , as well as the IB4ϩ nonpeptidergic nPAFs (Fig. 1K ) , were devoid of GDNF-IR. Therefore, in SDH, GDNF-IR was restricted to a band of processes in lamina II, between the more dorsal band of SP-IR processes and the more ventral band of those labeled by IB4 (Fig. 1L) . Double IF experiments also demonstrated that GDNF was not expressed in GFAP-IR astrocytes (Fig. 1M) .
At the EM level, the central terminals (C terminals) of PAFs form typical multisynaptic complexes that are commonly referred to as glomeruli. Glomeruli are a prominent ultrastructural feature of lamina II, the substantia gelatinosa, and exist in at least two main types in rodents (Ribeiro-daSilva, 2004). Our EM-immunolabeling experiments demonstrated that GDNF-IR was selectively localized to the dense core vesicles (DCVs) that were contained in the C terminals of the glomeruli of the type Ib (GIb) formed by the peptidergic nPAFs (Ribeiro-da-Silva, 2004) . Ultrastructurally, we were able to confirm the combinations of neurochemicals observed in PAFs at the confocal microscope (Fig. 3) and to calculate the percentages of the two main subtypes (SP-IR vs SST 28 -IR) of GIb glomeruli in relation to GDNF expression (Fig. 4A-C) . Our EM analysis also confirmed the absence of GDNF immunolabeling in nonpeptidergic nPAF terminals, which are known to form the C-terminal boutons in IB4ϩ type Ia glomeruli (GIa; Bailey and Ribeiro-da-Silva, 2006; Fig. 8 ). In addition, we used EM ICC to confirm our IF observations at the confocal microscope that were suggestive of a very precise sublaminar localization of GDNF within lamina II (Fig. 1L) according to its tripartite subdivision proposed by Ribeiro-da-Silva (2004) in rat. Therefore, we counted GDNF-IR C terminals in GIb and IB4ϩ C terminals in GIa related to their position in lamina II that contains GIb (lamina II outer; LII o ), mixed GIa/GIb (lamina II inner dorsal; LII i d), or GIa (lamina II inner ventral; LII i v) along a dorsoventral axis. The data obtained demonstrated that GDNF-IR glomeruli had a similar incidence in laminae LII o and LII i d (Fig. 4D,E) .
In brief, these results confirm the initial reports on GDNF or GDNF mRNA localization in DRGs and spinal cord but extend these observations to (1) the pattern of coexistence (LM) and colocalization (EM) with CGRP/SST 28 . As to this issue, it is noteworthy that LM and EM quantitative data in juvenile animals are remarkably overlapping (GDNF ϩ CGRP: DRG neurons 19.8%; Fig. 2 A, J; glomeruli 21.3%; Fig. 4A ; SST 28 ϩ CGRP: DRG neurons 25%; Fig. 2C,J ; glomeruli 25.3%; Fig. 4C ) and thus indicative of a relationship between the numbers of IR-glomeruli and their parent cell bodies in DRGs; These observations are also extended to the following: (2) the sublaminar localization of IR profiles in lamina II and (3) the type(s) of IR profiles after EM analysis. Figures 5 and 6 show the pattern of distribution of the GDNF receptor complex components in DRG neurons and its relationship with GDNF and specific markers of nociceptors. There was a high degree of coexpression of GFR␣1 and RET in DRG neurons of heterogeneous sizes, supporting the possibility that functionally different sensory neurons may be targets of GDNF (Fig.  5A-C) , whereas ligand and receptor coexpression did not occur (GFR␣1; Fig. 5D-F ) or was quite rare (RET; Fig. 5G-I ). Each of the two components of the receptor complex was instead localized in a wide subset of IB4ϩ DRG neurons (Fig. 5J-O) , but virtually or totally absent in the neurons that express CGRP (Fig. 6A-C, GFR␣1 ; Fig. 6D-F, RET) or SP (Fig. 6G-I, GFR␣1 ; Fig. 6J-L, RET) . The immunocytochemical distribution of GFR␣1 and RET in the SDH and the pattern of colocalization with markers of peptidergic and nonpeptidergic nPAFs is shown in Figure 7 .
Expression of GDNF receptors in DRG and spinal cord
Ultrastructurally, we only detected GFR␣1 receptors that, within the SDH, were observed in GIa (Fig. 8A) , GII (Fig.  8B) , and plain dendrites (Fig. 8C) . Notably, terminals in GIa were also IB4ϩ (Fig. 8A) .
Again our observations not only are confirmative of previous reports on GFR␣1/ RET protein/mRNA localization in DRGs and spinal cord, but extend them to the types of IR profile and their pattern of coexistence with IB4 at the ultrastructural level. Figure 2 displays in graph form the results of a quantitative analysis on the localization of GDNF in peptidergic nociceptors expressing CGRP or SST 28 . It is well known that SST 28 ϩ DRG neurons represent a subset of the CGRPϩ small-to medium-sized, dark peptidergic neurons. We show here that remarkably similar fractions of CGRPϩ DRG neurons are also IR for GDNF or SST 28 in postnatal animals ( Fig. 2A-P) . The latter undergoes a slight increase in juvenile mice (Fig. 2C ), in parallel with the strong reduction (from 22.5 to 7.1%) in the fraction of SST 28 -IR neurons that do not contain CGRP (Fig. 2E) . On the other hand, the percentage of GDNF and CGRP doublelabeled DRG neurons undergoes a reduction (from 25.3 to 19.8%) with respect to the total population of CGRP-IR cells ( Fig. 2A) , although an opposite trend is observed when the number of GDNF and CGRP double-labeled DRG neurons is instead related to the total number of the GDNF-IR cells (from 90.8 to 95.8%; Fig.  2B ). Overall analysis in Figure 2 indicates that as the system matures there is a slight reduction of the peptidergic subpopulation of DRG neurons expressing GDNF (Fig. 2 A, F ) , at the expense of the degree of coexistence of GDNF and SST 28 (Fig. 2D) .
Age-related modifications
Quantitative analysis (Fig. 4F ) of the ultrastructural pattern of distribution of GFR␣1-IR profiles in lamina II showed that, in postnatal mice, there was a net predominance of GFR␣1 presynaptic labeling in C PAF terminals (92%), which remained remarkably high (70%) also in juvenile animals. These observations indicate that the GDNF-GDNF receptor complex undergoes a certain degree of rearrangement in parallel with the maturation of the somatosensory system, particularly regarding the coexpression of GDNF and SST 28 in DRGs. This observation is strengthened by the results of ultrastructural analysis of triple-immunolabeled glomeruli in lamina II (Fig. 4A-C) . In particular, our results were as follows:(1) they confirm that, as in rat, mouse peptidergic (CGRPϩ) GIb glomeruli form two separate subpopulations containing either SST or SP (Ribeiroda-Silva, 2004) and (2) they show GDNF and SST 28 colocalization in a fraction (23.3%; Fig. 4B ) of these glomeruli that is close to the figure calculated in rat (ϳ30%) for SST-containing GIb profiles.
Nonetheless, rat and mouse comparisons are difficult because, as mentioned in the Introduction, the majority of previous work (in rat) was focused on the survival/neuroprotective effect of the GDNF, and no data are available-at least to our knowledge-on the coexpression of GDNF and SST in DRGs. More data are available relative to the GDNF receptor complex, particularly on the distribution of GFR␣1, but the overall picture is further complicated by the fact that DRGs and spinal cord also express GFR␣2. It seems highly questionable that GDNF interacts in vivo with ligands other than GFR␣1 (Carmillo et al., 2005) . In addition, specific types of low-threshold mechanoreceptors are identified by a unique coexpression of the RET and GFR␣2 (Bourane et al., 2009; Hu et al., 2012) . As it seems unlikely that nociceptors display this pattern of receptor coexpression, we have not considered here the distribution of GFR␣2. Studies in rat have shown that GFR␣1 is mainly expressed in lamina II o and GFR␣2 in lamina II i of the lumbar (Keast et al., 2010) and sacral spinal cord (Forrest and Keast, 2008) . However, other authors notably concluded that GFR␣2 was not found in the adult human spinal cord and that GDNF and GFR␣2 mRNAs were only expressed at detectable levels in fetuses (Josephson et al., 2001 ). These are additional reasons to exert prudence in comparing data between species, including humans (Price and Flores, 2007) .
Irrespective of this, we cannot exclude that a subpopulation of fibers in SDH also expresses GFR␣2, and that GFR␣2ϩ/GFR␣1-/ RETϩ DRG neurons and C terminals occur in mouse, but we can safely affirm that the population of GFR␣1-expressing fibers in this species is not localized to lamina II o .
Endogenous GDNF is released from nPAFs and activates SDH neurons in a spinal cord slice preparation
In previous work (Vergnano et al., 2008) we have demonstrated that the application of the TRPV1 agonist capsaicin onto acute spinal cord slices is a useful model in vitro to induce the central release of the nociceptive messengers that are liberated in inflammatory pain. These data have been reinforced by the subsequent observation that activation of type C nPAFs in this slice preparation is accompanied by a neuronal response in SDH (Bencivinni et al., 2011) . Here, we found that a fraction of the GDNF-IR neurons in DRGs also expressed TRPV1 (Figs. 1F, 2G ). Therefore we reasoned that the capsaicin-induced activation of nPAFs was likely capable of releasing in vitro the pool of endogenous GDNF from terminals ( Fig. 5A-D) . Indeed, capsaicin administration induced a strong reduction of GDNF-IR ( p ϭ 0.006, t test) and SP-IR ( p ϭ 0.0001, t test) in SDH. Additionally, decrease of the GDNF content in spinal cord following acute capsaicin stimulation was confirmed by ELISA (Fig. 9E) . These experiments demonstrated that GDNF, as well as SP and other more widely investigated messengers, undergoes activity-dependent release from nPAFs.
To establish whether or not GDNF was released at a sufficient concentration to elicit a local neuronal response in SDH, we have used an anti-pERK1/2 antibody to evaluate the level of ERK1/2 phosphorylation as an early marker of neuronal activation (Ji et al., 1999) . In these experiments (Fig. 9 E, F ) , the increase of pERK1/2-IR that follows capsaicin stimulation was further incremented ( p ϭ 0.027, Kruskal-Wallis test) when GDNF released by Figure 8 . Ultrastructural localization of GFR␣1 in lamina II and colocalization with the nonpeptidergic marker IB4 after combined pre-embedding immunogold labeling with goldintensified (En/Au) FluoroNanogold (GFR␣1) and postembedding immunostaining (IB4). For nomenclature of glomeruli and glomerular profiles, see Ribeiro-da-Silva (2004) . A, Doublelabeled C terminal in a GIa surrounded by several unlabeled dendrites (d1-d6). Gold particles are localized over the plasma membrane of the terminal, and the two labels can be distinguished since GFR␣1-IR is characterized by irregular gold-intensified gold particles (25-30 nm; arrowhead in the insert), while IB4ϩ membranes are decorated by the presence of round, regular gold particles of constant size (20 nm; arrow in the insert). B, A GFR␣1-IR C terminal in GII contacts several unlabeled dendrites (d1-d3), a peripheral axonal bouton (v2), and a vesicle-containing dendrite (v1). Gold particles are distributed over the plasma membrane, at both synaptic and nonsynaptic sites (insert). C, A GFR␣1-labeled dendrite is postsynaptic to an unlabeled GIb. Scale bars: 500 nm; inserts: A, B, 20 nm.
nPAFs was inactivated by a neutralizing antibody. Conversely, the application of the anti-GDNF antibody alone, in the absence of an inflammatory-like stimulus that released the growth factor from nPAFs, did not significantly alter pERK1/2 expression (5.3 Ϯ 0.8% of SDH area in control, 6.8 Ϯ 1.5% of SDH area with anti-GDNF; n ϭ 4; p ϭ 0.49). As an interpretation of these findings it seems reasonable to conclude that whereas levels of GDNF under resting conditions are ineffective in altering basal neuronal activity, a response becomes well measurable after capsaicin. It is noteworthy that when slices were challenged with capsaicin ϩ anti-GDNF antibody, the pERK1/2 response was mainly, but not only, evident in SDH. We have previously demonstrated that capsaicin alone specifically increases pERK1/2 and Fos in laminae I-II (Ferrini et al., 2014) . As the effect of anti-GDNF antibody on capsaicin-induced ERK1/2 phosphorylation was measured in SDH, where GDNF-expressing nPAFs terminate, it cannot be excluded that feedforward excitation might also spread to deep DH neurons via polysynaptic connections.
Bath-applied GDNF binds to GFR␣1 and reduces the Ca 2؉ response of SDH neurons in a spinal cord slice preparation
Similarly to what occurs in vivo under acute inflammatory conditions, after capsaicin in vitro TRPV1-expressing PAFs release a variety of fast-and slow-acting transmitters/modulators. They all may be directly and/or indirectly involved in the response of SDH neurons recorded by imaging [Ca 2ϩ ] i at the confocal microscope . In a first set of experiments (Fig. 10A-C) , capsaicin, as expected, per se induced a sharp rise of [Ca 2ϩ ] i in the majority of SDH neurons. However, when GDNF (100 ng/ml) and capsaicin were coapplied, a significant reduction (ϳ30%) in the capsaicin response was observed by measuring AUC (capsaicin: 49.1 Ϯ 6.0, n ϭ 76 cells; capsaicin ϩ GDNF: 33.1 Ϯ 3.8, n ϭ 60 cells; t test, p ϭ 0.035; Fig. 10 D, E) . As a specificity control for the effect of GDNF, we pretreated slices with PI-PLC (1 U/ml). PI-PLC Figure 9 . Release of GDNF from nPAFs and activation of SDH neurons in a slice preparation. Compared with controls (A), the incubation of acute spinal cord slices with capsaicin (B) causes a depletion of GDNF and SP-IRs in fibers of SDH. Histograms in C and D show the reduction of GDNF (C; control: 13.6 Ϯ 2.8, n ϭ 34 sections; capsaicin: 5.3 Ϯ 0.9, n ϭ 34 sections; **p Ͻ 0.01) and SP fluorescence intensities (D; control: 27.5 Ϯ 8.9, n ϭ 34 sections; capsaicin: 8.9 Ϯ 0.7, n ϭ 34 sections; ***p Ͻ 0.001) after capsaicin. E, Depletion of GDNF content in slices subjected to capsaicin challenge after ELISA. The GDNF content measured in control and capsaicin-treated slices drops down from 8.9 Ϯ 0.9 (control) to 6.4 Ϯ 0.5 pg/mg total protein (capsaicin; n ϭ 4 mice, *p ϭ 0.012). F, Histogram showing the increase of p-ERK1/2 fluorescence area following capsaicin and in the presence of the anti-GDNF 4 neutralizing antibody (control: 5.4 Ϯ 0.5%, capsaicin: 7.2 Ϯ 1.3%, capsaicin ϩ anti-GDNF: 12.8 Ϯ 3.3%; n ϭ 5 mice, *p Ͻ 0.05). G, p-ERK1/2-IR in slices subjected to different experimental challenges and representative inserts at higher magnification (1, 2, and 3). CTR, control; CAP, capsaicin. Scale bars: 200 m.
cleaves the glycosylphosphatidylinositol anchor, which binds GFR␣1 to the outer surface of the cell membrane, thus promoting the release of GFR␣1 receptor from its anchorage point (Nicole et al., 2001) . After pre-incubation with PI-PLC, the capsaicin response of SDH neurons in the presence of GDNF was higher than in paired slices without PI-PLC (t test, p ϭ 0.049; Fig. 10 F, G) , and undistinguishable from the response after capsaicin alone (Fig. 10F, dashed line) .
Bath-applied GDNF reduces the capsaicin-induced presynaptic release of glutamate from nPAFs in a spinal cord slice preparation As the GDNF receptor complex does not directly affect Ca 2ϩ channels at the cell membrane and/or intracellular stores (Airaksinen and Saarma, 2002) and we demonstrated here it is mainly expressed in nPAFS, we devised a series of patchclamp experiments to address whether the GDNF affected SDH neurons via a presynaptic mechanism. As previously shown (Yang et al., 1998; Ferrini et al., 2010; Bencivinni et al., 2011) , application of capsaicin to spinal cord slices induces a massive release of glutamate from nPAFs, which, in turn, produces a strong increase of mEPSC frequency in SDH neurons without affecting the synaptic current amplitude (Fig. 11A-D) . In the presence of capsaicin, mEPSC frequency shifted from 0.3 Ϯ 0.1 to 10.0 Ϯ 2.5 Hz (n ϭ 10; Wilcoxon test, p ϭ 0.005; Fig. 11C ), with no change in amplitude (14.4 Ϯ 2.1 pA in control and 16.2 Ϯ 2.6 pA in the presence of capsaicin; n ϭ 10; Wilcoxon test, p ϭ 0.285; Fig. 11D ). When capsaicin was applied together with GDNF (100 nM), the frequency increase was still significant but smaller (0.4 Ϯ 0.1 to 3.4 Ϯ 1 0.3 Hz; n ϭ 9; Wilcoxon test, p ϭ 0.008; Fig. 11C ), while amplitude did not change (9.6 Ϯ 1.2 pA in control and 9.4 Ϯ 0.7 pA in the presence of capsaicin; n ϭ 9; Wilcoxon test, p ϭ 0.859; Fig. 11D ). Frequency increase induced by capsaicin alone was 58 Ϯ 17 times the control (n ϭ 10), whereas in the presence of GDNF it was only 20 Ϯ 12 times the control (n ϭ 9; Mann-Whitney test, p ϭ 0.013; Fig. 11E ). To test the specificity of the GDNF effect we pretreated slices with PI-PLC (1 U/ml, 30 min). PI-PLC treatment did not significantly alter mEPSC frequency and amplitude (Mann-Whitney test p ϭ 0.638, n ϭ 19 and p ϭ 0.070, n ϭ 18, respectively) and capsaicin still induced a significant increase of mEPSC frequency, both alone (from 1.2 Ϯ 0.5 to 12.2 Ϯ 3.4 Hz n ϭ 9; Wilcoxon test, p ϭ 0.008; Fig. 11F ) and in the presence of GDNF (from 0.3 Ϯ 0.1 to 13.2 Ϯ 5.7 Hz n ϭ 9; Wilcoxon test, p ϭ 0.008; Fig. 11F ), with no change in amplitude (Fig. 11G) . However, in this case no significant differences were observed between the effect of capsaicin alone and capsaicin ϩ GDNF (mEPSC frequency increase was as follows: 67 Ϯ 34 times the control, n ϭ 9, capsaicin alone; 83 Ϯ 38 times the control, n ϭ 9 capsaicin ϩ GDNF; Mann-Whitney test, p ϭ 0.796; Fig. 11H ).
Discussion
Here we have provided exhaustive immunocytochemical data on the distribution of GDNF and its receptor complex in the somatosensory system and evidence for a role of the growth factor in the control of nPAF transmission to SDH neurons in mouse.
Immunocytochemical distribution of GDNF/GFR␣1-RET
We showed that GDNF is normally expressed by a specific subpopulation of peptidergic CGRP/SST 28 nociceptors and by their C terminals at GIb in lamina II, whereas the GFR␣1-RET receptor complex was detected in nonpeptidergic IB4ϩ nociceptors and their C terminals at GIa. Information obtained here in mouse should be similar for rat, and also in consideration of our previous work on the comparative expression of BDNF/TrkB in the two species Merighi et al., 2008) . However, as mentioned in the Results, sound interspecies comparisons are difficult, primarily because IB4 binding may not be sufficient for a clear distinction between the peptidergic and nonpeptidergic nociceptor subclasses in rat (Price and Flores, 2007) . Irrespective of (putative) interspecies differences, localization data are sup- Figure 11 . Bath-applied GDNF reduces the presynaptic release of glutamate from nPAFs in a slice preparation. A, B, Representative traces showing the effect of capsaicin (2 M, 5 min) alone (A) or in the presence of GDNF (100 ng, B) on mEPSCs in SDH neurons. C, Pooled data showing the effect of capsaicin on mEPSC frequency alone (from 0.3 Ϯ 0.1 to 10.0 Ϯ 2.5 Hz; n ϭ 10; Wilcoxon test, p ϭ 0.005) or in the presence of GDNF (from 0.4 Ϯ 0.1 to 3.4 Ϯ 1.3 Hz; n ϭ 9; Wilcoxon test, p ϭ 0.008). D, Pooled data showing the lack of effect of capsaicin on mEPSC amplitude alone (14.4 Ϯ 2.1 pA, control; 16.2 Ϯ 2.6 pA, capsaicin; n ϭ 10; Wilcoxon test, p ϭ 0.285) or in the presence of GDNF (9.6 Ϯ 1.2 pA, control; 9.4 Ϯ 0.7 pA, capsaicin; n ϭ 9; Wilcoxon test, p ϭ 0.859). E, Histogram comparing the capsaicin-induced mEPSC frequency increase (normalized to control) in capsaicin alone (58 Ϯ 17 times control; n ϭ 10) and in capsaicin ϩ GDNF (20 Ϯ 12 times control; n ϭ 9; Mann-Whitney test, p ϭ 0.013). F, Pooled data showing the effect of capsaicin on mEPSC frequency alone (from 1.2 Ϯ 0.5 to 12.2 Ϯ 3.4 Hz n ϭ 9; Wilcoxon test, p ϭ 0.008) or in the presence of GDNF (from 0.3 Ϯ 0.1 to 13.2 Ϯ 5.7 Hz n ϭ 9; Wilcoxon test, p ϭ 0.008) after PI-PLC treatment. G, Pooled data showing the lack of effect of capsaicin on mEPSC amplitude alone (16.8 Ϯ 2.8 pA, control; 17.8 Ϯ 1.6 pA, capsaicin; n ϭ 9; Wilcoxon test, p ϭ 0.594) or in the presence of GDNF (18.9 Ϯ 3.9 pA, control; 17.2 Ϯ 4.0 pA, capsaicin; n ϭ 9; Wilcoxon test, p ϭ 0.314) after PI-PLC treatment. H, Histogram comparing the capsaicin-induced mEPSC frequency increase (normalized to control) in capsaicin alone (67 Ϯ 34 times control, n ϭ 9) and in the presence of GDNF (83 Ϯ 38 times control, n ϭ 9; Mann-Whitney test, p ϭ 0.796) after PI-PLC treatment. CTR, control; CAP, capsaicin.
portive for a transmitter role of GDNF in the somatosensory system.
Previous GDNF work was focused on the survival and neuroprotective effects of the growth factor in development or experimental injury (see Introduction). Our data, however, are not in conflict with this literature, as we detected a fraction of GDNF-IR DRG neurons that did not contain peptides and/or TRPV1, but this neurochemical pattern was not observed at terminal level in SDH. Therefore, the GDNF contained in these neurons is unlikely to be involved in the regulation of the activity of nPAFs and may be subserving the more classical maintenance and trophic functions currently ascribed to growth factors.
GDNF as a nociceptive modulator
Our in vitro observations upon capsaicin depolarization of nPAF terminals showed that (1) endogenous GDNF is released from these terminals, (2) bath-applied GDNF attenuates capsaicin activation of SDH neurons, and (3) this type of inhibitory modulation is mediated via a presynaptic mechanism.
Altogether, they disclose a novel signaling pathway in SDH, by which the GDNF released from peptidergic nPAF terminals negatively modulates the activation of other subsets of nPAFs (Fig. 12) .
Information is accumulating in support of a role for growth factors as modulators of synapses in the mature brain. In the Figure 12 . Schematic drawing illustrating the GDNF-modulated cross talk between nPAFs at glomeruli and the effect on activity of lamina II neurons. Glomeruli are represented in relation to their sublaminar localization. Capsaicin-responsive C-terminal endings of nPAFs in type I glomeruli (GI) are color coded on the basis of their growth factor/peptide content. Glutamate-containing agranular vesicles are represented using the same colors. For simplicity, only GFR␣1 receptors at glomeruli are represented. Modulation of the activity of lamina II neurons by GDNF (large curved arrow) mainly occurs in lamina II i d, which contains a higher incidence of type I glomeruli (Ribeiro-da-Silva and De Koninck, 2008) and ϳ50% of the GDNF-IR and IB4ϩ profiles (Fig. 4D,E) . Such an arrangement is therefore consistent with a presynaptic inhibition of the activity of lamina II neurons (straight black arrow). It is also possible that GDNF released at GI-containing SST 28 binds to GFR␣1-IR dendrites engaged in CGRP/SP-IR GIb in lamina II o (small curved arrow). This is an additional circuit that may be indirectly responsible for the effects of GDNF on SDH neurons (small straight black arrow at reduced opacity). However, this type of interaction is very likely less efficacious in determining the response of lamina II neurons, as lamina II o contains lower numbers of glomeruli than the more ventral sublaminae (Ribeiro-da-Silva and De Koninck, 2008 and Fig. 4D ). Interactions with glomeruli in lamina II i v that display GFR␣1 in C terminals (GIa) or dendrites (GII) are more unlikely, as growth factors have limited capabilities of diffusion in the extracellular space before being inactivated (small, straight black arrow at reduced opacity). Nonetheless, it cannot be excluded that these interactions occur after a massive release of GDNF. GIb-containing CGRP/SP also contains BDNF that can contribute to the excitatory drive of lamina II neurons but is not represented here for clarity.
somatosensory system, BDNF is recognized as a pain modulator Merighi et al., 2008) . Intriguingly, its distribution and that of GDNF, as emerges from the present study, share important analogies, they both (1) are detected in small-to medium-sized DRG neurons giving rise to peptidergic nPAFs, (2) coexist with the main neuropeptides that have been implicated as modulators of pain (SP and SST 28 , respectively), and (3) are anterogradely transported to the SDH (Zhou and Rush, 1996; Holstege et al., 1998; Ohta et al., 2001; Rind and von Bartheld, 2002; Salio et al., 2007) . However, full understanding of the impact of these molecules on synaptic transmission is hampered by an intricate pharmacology. Neurotrophic factors, including GDNF, can bind different membrane receptors Paratcha et al., 2003) , the same receptors may differ in their membrane organization and/or phosphorylation state (RunebergRoos and Saarma, 2007) and, eventually, they may activate different downstream signaling pathways according to their subcellular localization (Paratcha et al., 2001; Richardson et al., 2006) . Thus, it is not surprising that different studies have provided contrasting evidence as to the role of GDNF in nociceptive transmission and neuronal activity. Indeed, in dissociated DRG neurons GDNF was found to enhance capsaicin-evoked Ca 2ϩ currents (Malin et al., 2006) , while in vagal afferent neurons it caused a significant inhibition of the capsaicin-induced calcium influx (Nandigama et al., 2012) . Similarly, intrathecal injection of GDNF has been reported to increase early gene expression in DH neurons (Jongen et al., 2005) , suggesting a pronociceptive role (Fang et al., 2003) . On the other hand, intrathecal GDNF has also been found to counteract SP hyperalgesic effects , and additional evidence supports its antinociceptive function in neuropathic pain models Dong et al., 2006; Sakai et al., 2008) .
In the present study, we have provided an in-depth histological and structural analysis of the distribution of GDNF and its receptor complex in nociceptors and their synapses in lamina II, and shed more light on its modulatory role at these synapses using an established slice model of inflammatory pain that employs capsaicin as a tool to activate SDH neurons (Vergnano et al., 2008) . Capsaicin is known for its ability to activate nPAFs peripherally and centrally (Carlton et al., 2004; Kawasaki et al., 2004; Bencivinni et al., 2011) , and micromolar concentrations of the vanilloid applied to spinal cord slices specifically induce the release of glutamate, peptides, and neurotrophic factors from their C terminals (Ferrini et al., , 2010 Merighi et al., 2008) . Ca 2ϩ -imaging experiments demonstrated that bath-applied GDNF, acting through the GFR␣1-RET receptor complex, reduces to ϳ70% the overall capsaicin-induced activation of SDH neurons. This negative modulation on the capsaicin excitatory drive was shown to be grounded on a reduced glutamate release from nPAF terminals, as demonstrated by the lower frequency of mEPSCs in the presence of GDNF. As we have also demonstrated that endogenous GDNF was released from nPAFs in our slice model of inflammation, and that scavenging GDNF increased the capsaicin-induced activation of SDH neurons, a similar mechanism potentially acts under inflammatory conditions in vivo. In considering this perspective, it is worth noting here that clinical evidence is continuously accumulating in support of a role for molecules of the GDNF family in the treatment of certain types of pain (Bartolini et al., 2011) .
There are several limitations to investigating in more depth the intracellular mechanism underlying the activity of GDNF in vitro by our current approach. Nonetheless, we can better unravel the inhibition of SDH neurons. Two main populations of peptidergic nPAFs are distinguished in lamina II of the DH and the one expressing SST 28 ϩ CGRP accounts for approximately one-third of the total in rat (Ribeiro-da-Silva, 2004) . In this respect, we show here-also after ultrastructural quantitative estimation-that GDNF was specifically restricted to these fibers. The GDNF receptor complex had instead a more heterogeneous distribution (Fig. 4F ) , as, in juvenile mice, 28% of IR profiles were the C terminals of non-nociceptive A fibers in GII and 15% were dendrites of unknown origin. The remaining profiles, which were quantitatively remarkably stable in postnatal and juvenile animals, were the C terminals of the nonpeptidergic IB4ϩ nPAFs in GIa. The latter also expressed the SST receptor SSTR2a (Bencivinni et al., 2011) . The emerging picture not only was that the nonpeptidergic IB4ϩ/GFR␣1-RET/SSTR2a nPAFs were "specular" functional targets for their peptidergic CGRP/SST 28 /GDNF counterparts, but also that any signaling interaction between the two was likely to specifically occur in LII i d, which, at the same time, contains approximately half of the GDNF-and GFR␣1-IR profiles (Fig. 4F ) and a mix of GIa and GIb. This finding is very important because (1) a close spatial proximity is mandatory for secreted GDNF (and growth factors) to act at synapses before being inactivated by tissue proteases (Airaksinen and Saarma, 2002 ) and (2) II i d is specifically populated by C fibers that are activated in the second phase of pain (Ribeiro-da-Silva and De Koninck, 2008) . Thus, the most parsimonious circuit underlying the GDNF effects on SDH neurons in vivo can be envisaged in terms of a cross talk between GDNF-IR peptidergic and IB4ϩ nonpeptidergic nociceptors of the C type (Fig. 12) .
Recently, McCoy et al. (2013) have functionally demonstrated a similar type of cross talk by showing that the ablation of heatsensitive CGRP nociceptors potentiates the transmission of cold information to SDH neurons. Our present data provide a sound structural and functional support to propose GDNF as a key signaling molecule in this type of communication. The debate as to the site(s) where specific pain modalities are encoded remains open. However, at least in the case of thermosensation the exchange of information between peptidergic and nonpeptidergic primary sensory neurons appears fundamental for stimulus discrimination (Cavanaugh et al., 2009; Pogorzala et al., 2013) .
In conclusion, our data unravel the role of GDNF as a novel synaptic messenger for the processing of nociceptive information in SDH. As different pain modalities seem to be specifically associated to peptidergic versus nonpeptidergic subtypes of nociceptors (Cavanaugh et al., 2009 ), the GDNF signal may have important implications in the qualitative discrimination of nociceptive stimuli. Interestingly, both peptidergic and nonpeptidergic nPAFs project onto virtually all the neuronal types so far described in lamina II Wang and Zylka, 2009) . It is therefore possible that the main site for modality discrimination is indeed in nociceptors, rather than in spinal or supraspinal sites. In this respect, a peptidergic to nonpeptidergic C-fiber communication pathway mediated by GDNF may preserve the specificity of the nociceptive input under normal conditions, and exert a protective inhibition during the central responses to inflammatory pain.
